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Progress in the search for new high tcmpcrxt ure thcrnmclectric
materials at the Jet Propulsion 1,aboratory  is reviewed, Novel
transition metal compounds were selected as potential ncw high
performance thermoelectric materials and criteria of selection arc
presented and discussed. Samples of these new compounds were
prepared at J]’]. by a variety of techniques. l{ncouraging
experimental results obtained on several of these compounds arc
reported and show that they have the potential to be the next
gencmtion of thcrnmc]cctric materials.

IN”l’I<OI)lJ(;’1’ION”

“1’he thermoelectric technology only occupies a niche market
although its reliability, simplicity and long life time compare, to
the other energy conversion technologies. I mw efficiency of the
thermoelectric materials is the main reason for the actual small
number of prac[ical  applications. State-of-the-art thcrmoclcctric
materials used in the actual devices, such as 11i2”l’e~,  I’W1’C and
SiGc, were identified in the 1950’s and although extensive
theoretical and experimental studies have resulted in substantial
improvements of the propcr[ies  of these thermoelectric materials,
dimensionless figure of merit 7;1’ values hard]y CXCCCC1 1, as
illustrated in l~igure  1. No thcorctica]  limit has been established
on the dimensionless figure, of merit 7.’1” [ 1], Scvcml options can
bc considered to in~provc  Xl’. One of them is to look at new
binary and ternary compounds or alloys. It has also been recently
prcdicttcd  that the thcnnoclectric figure of merit of thin-films and
quantum wells can bc significantly larger than conventional
thermoelectric materials [2].
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liigurc  1, IJimcnsionlcss  figure of merit  as a function of
tcmpcmturc  for selected n-type alloys.

A new approach was rcccnt]y star[cd  at the Jet l’repulsion
Laboratory (JP1.) to look at novel  compounds and alloys [3].
Several  Si-rich transition metal silicides  were first studied
including Ru2Si3, a high temperature refractory semiconductor
with a good potential for a high figure. of merit [4]. ‘1’he
isostructura] germanidc, RU2,GC3,  was also rcccnt]y investigated
[5]. ‘l’his paper reports progress on the search for new
thcrnmclectric materials currently underway at J]>]., The criteria
for the selection of novel compounds and alloys arc prcscntcd
and discussed. “1’hcrmmlcctric  properties obtained for several
transition metal (group VIII) compounds with clcmcnts  of
column V are presented.
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According to loffc [6], the figure of merit of a thcrmoclcctric
material can be mlatcd to fundamcmtal  parameters by clcfining  a

parameter ~ = p (#~~)3’2/kR, where n~* is the dmsity-of-states



effective mass, m. the free electron mass, p the carrier mobility

and LR the lattice thermal conductivity. For  a particular
temperature of operation, the band gap (1$) should bc greater
than 4k}l”l’  in order to avoid the activation of the minority carriers
which quenches the Sccbeck  coefficient. ~Jnfor[unatcly,  there are
many known compounds whose mobility, effcctivc masses, band
gap and lattice thermal conductivity have never been measured
and IOffc’s  rLl]C  is of liltlc  hc]p for selecting new thcrmoc]ectric
materials. 1 ]owcvcr, loffc’s ru]c obviously indicates that high-Z-
value thermoelectric materials should have a low lattice thermal
conductivity and a high carrier mobility and cffcctivc mass.

It has been shown that high carrier mobility can bc more likely
a c h i e v e d  i n  semiconducting  c o m p o u n d s  w i t h  l o w
electroncgativity  difference (5x) between the elements in the

compound 17]. A compourld  with a (6x) greater than 1 is most
unlikely to have a mobility greater than 1000” cn~z/V.s. [7], ‘1’hc
carrier mobility is mainly governed by the band structure and the
intcmctions  with the lattice vibmtions  and ionized impurities. in a
covalcntly  bondecl  material associated with low (6x) values, them
interactions arc lower compare to more ionic lattices w}~crc  the
Coulomb scattering tends to bc increased, thus decreasing the
carrier mobility. Consequently, ncw thcrmoclcctric  materials
should be selected among low (5x) compounds, at least lower
than 1,

1,OW lattice thermal conductivity is the seconcl (Icsired propclly
for a high-y,-value material and the question arises how to select
compounds with a good chance to have low lattice thermal
conductivity. Compounds with complex crystal structure tend to
have low lattice thmmal  conductivity. ‘l”hus,  one should look for
compounds with large unit cell containing a large number of
atoms. Mommr, the. heavier the clcmemts are in the cornpounct,
the lower the phonon velocity is and so is the lattice thermal
conductivity. lliz”l’e3 and Pb’1’e are good example of heavy
masses and low thermal conductivity compounc~s. “1’hem  YLlle,S

can bc used to select compounds that have a good chance to have
low lattice thmnal conductivity.

Low (hx), heavy clcmemt compounds with complex crystal
Strllctllre  arc. the matcria]s  to look for with the potential for high
Z’1’ values. Of course, Xl’ ciepcnds on a number of other factors



but these selection criteria can be used to narrow the search. A
systematic search through the periodic table of the elements led to
the selection of a certain number of candidates which are listed in
“l’able 1. Only binary compounds have been listed  but there arc
also ternary compounds or solid solutions. Compounds with
relatively high melting point were first retained because our
primary goal was to look for mw thermoelectric materials for
power generation in order to replace state-of-the-art SiGc alloys.

Table 1. Novel binary transition metal antimonidcs  as
thermoelectric materials. Rcfcrcnces  for the properties can be
found in [8].

Compound

IrSb3
FU~Sb3
CoSb3——-
IrSb2
RhSb2
CoSb2
OsSbz
RuSb2

(c)

1141
900
873— .
1475
1050
X9

?—.—
>1250

—.
0.15.——
0.23
0.17.—.. —
0.15
0.23
0.17.—
0.15.—
0.2

(eV)

——.
1.17

- 0 . 7
0.5..—

?

().2
?

0.26

Number of
atoJns h the

unit cell

32
32
32
12
12
12
6
6

7Structure

skuttemdite,
skuttcrudite
skutteruditc
arscnopyrite
arscmpyritc
mxenopyrite
marcasite
marcasite

All the compounds listed  in “l’able 1 have a (8x) (which was
calculated using Pauling’s scale) smaller than 0.25, I.ittlc
information is available from the literature on the electrical
properties of these compounds.

lrSb3,  RhSb3  and CoSb3 arc isostructural  and have the
skuttcmditc  crystal structure type. lrSb3 was recently identified
as a new thcrmoclcctric  material with interesting properties, in
particular a hole mobility as high as 1200 cn~z/V.s [9]. IIigh
mobility have also been found on hot-pressed RhSb3 samples
[ 10], ‘1’hcsc  }~igh  mobilitics are consistent with the fact that the
bonding was determined to be predominantly covalent in these
compounds [11 ]. The second family of compounds listed in
“1’able 1 have the arscnopyritc  crystal structure type: lrSb2, RhSb2
and CoSb2.  ‘1’hc pcritcctic {iccomposition  temperature of IrSb2
was recently estimated at 1475°C  in a study of the lr-Sb phase



diagram on the antimony-rich part 112]. ‘l-he band gap of CoSb2
was estimated at 0.2 eV from }ligh temperature electrical
rcsistivity  n~casuremcnt  [ 13] but no information about these
compounds carrier mobility, cffcctivc  mass and thmmal
conductivity can bc found in the literature. l:inallyj  two
compounds having the marcasite crystal structure type were
retained. ‘l’he phase diagram of the Ru-Sb  was recently
determined cm the antimony-rich part and the existence of the
compound RuSbL, having  a melting point higher than 1250°C,
was confirmed [ 14]. Vm-y little is known about t}w compounci
OsSbz. All these promising materials are currently investigated at
JPI.. The following sections dcscribc  the experimental techniques
and results achieved to date on som of these compounds.

Suitable samples were prepared to evaluate their potential as
thcmoelectric  materinls. A wide variety of prcpamtion  techniques
for bulk materials is available at JP1.. Facilities for materials
synthesis include several llritjgt~~a]~-gradic]~t  freeze furnaces,
traveling solvent method  furnaces, high tcmpcraturc isothermal
furnaces, RF furnace, mechanical alloying mills, cold and hot
presses. When the phase diagram is not known or the growth
from the melt is not straightforward, the n~cchanica]  alloying
(MA) process can be used and }~as been successfully used for
several ncw high temperature thcrmoc]cctric  materials [ 15]. MA
constitutes an attractive alternative, preparing homogeneous
compounds and alloys directly from solid materials without
melting them. Two SI’IIX industries 8000 Mixer/Mill miller arc
available at JPI.. Bulk samples can bc prc+ared  from the milled
powders either by cold-pressing and sintering or hot-pressing.
An “Astro” hot-pressing furnace is available at JP1.. “1’hc
microstructure and composition of all prcj~arcd  samples was
investigated by microprobe analysis (M PA) and also X-ray
diffractomct ry (X 1<11). All prcparccl sarnplcs  were, measured for
room tempe,raturc 1 lall effect. 1 ligh tcmpcraturc } la]] effect and
electrical resist ivit y, Sedeck  cocfficiemt  and thmnal  conductivity
were also measured on selected samples.

lllCSIJl,’J’S ANI) l) ISCIJSSION

Crystals of the compound RuSb2 and the alloy (Ruo.@ro.1)Sb2
were grown by the, gmdicnt  frcczc technique. Some proper-(its of



these samples, measured at room tcmpcraturc, arcrcportcd  in
‘I’able 2. Mobility valucsas  high as 144cr~~zm.swerc]~~eastlrcd
and Scebeck  coefficient as large as -340 pV/K were achieved for
the alloy (Ruo&ro.1)Sb2.

“l’able 2, Room temperature pmpcriies  for the compound RuSb2
(RS 1, RS6) and t}~c alloy (Ruom@-01)Sb2  (2CRS 1, 3CRS2)  :

electrical resisfivity  (p), 1 la]] coefficient (R1l),  }Iall mobility (p]])
and Smbeck cocfficiemt (et).

Sample

1s1  -

RS6
2CRSI
3CRS2.

P
(nm,cln)

13,69
9.624
16.68
22.81

——
1.9’7
(1.597
-0,45
-0.409 -

— — . — .

.
p}l

(cn12/v.s)

144
62
-9  -

-18  -4(P(k)
-65

-340

‘1’hc variations of the electrical rcsistivity  and the Sccbcck
coefficient as a function of temperature arc reported in figures 2
and 3, respectively, Samples show intrinsic behavior at high
te.mpcnture and a band gap of 0.26 CV was calculated for RuSb2
and 0.28 CV for lhc alloy (RuO.&rO.l )Sb2. I]ue, to minority
carriers conduction effects, the Scebcck  coefficient of the samples
become small for wmpcraturc  higher than 200°C which is
consistent with the relatively small band gap of these matmials.
Between room tcmpcratum  and 2000C, large Seebcck coefficients
were measured and low temperature n~casuretncnts  would bc of
interest to evaluate the potential of t}me materials in the low
temperature range. A room tcrnpcraturc thermal conductivity of
140 n)W/cn~.K was measured on a RuSb2  sample [ 16] which is
rat}mr  a Jarge value  compare to thermal concJuctivity  of I\i2Tc3
alloys at room tcn~Jmat  ure. A dccrcase, of the lattice thermal
conductivity can likely bc obtained by alloying RuSb2, with
isostructura]  compounds such 0sSb2 or CrSb2 although a
decrease in the carrier n~obiJity  would be expcctcd,  Preliminary
results obtained on unoptimizcd  samples suggest that some of the
conlJmunds  and alloys having the marcasite structure might be
useful t}mmoclectrics  at low ternpcraturc  if their  t h e r m a l
conductivity can bc lowered through solid solution formation.
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Figure 2. l;lcctrical rcsistivity  as a function of tcmpemturc  for
RuSbz s a m p l e s  (RS1,  RS6) and samples  of the alloy

)Sb2 (2C1M 1, 3cI<s2),
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Figure 3. Sccbeck coefficient as a function of tcmpmaturc  for
Ru Sb2 s a m p l e s  (RSl, RS6) and samples  of  the  a l loy
(Ruo.@_O.])Sbz  (2CRS 1, 3CRS2).

“l’he prepamtion  and c}mracterization of the compounds with the
arsenopyritc crystal structure listed in Table 1 }~as been star[cd



only recently and little data are now available, IIowever,  on the
basis of Scebcck  coefficient and electrical rcsistivity
measurcnwnts, it has been established for the first time that lrSb2
is a semiconductor. Sccbcck coefficient as large as 350 pV/k
were measured on scvcrd  samples, ‘l’he thmmoclcctric properties
of lrSb2 and isostructural compounds will be investigated in the
future.

Among the materials listed in Table 1, compounds with the
skutlcruditc structure type arc parliculady  promising. I;igure  3
shows the dimensionless figure of merit measured on several p-
typc IrSb3 samples with different doping levels. Maximum Z’1’
values for p-type Bi2’1’c3,  Pb”l’e,  “1’AGS (’l’e, Ag, Gc, Sb) and
SiGe alloys  a r e  a l s o  s h o w n  f o r  c o m p a r i s o n .
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l;igure 4. Dinlcnsionless  figure of merit 2,”1’ as a function of
tcmpcraturc  for several p-type lrSb3 samples with different
doping levels.

A maximum Xl’ of 2 was achieved for the compound lrSb3 in
the 300-400°C tcmpmturc  range which is mom than twice the



performance of PbTe-based  alloys commonly used in the
intermediate tcmpcraturc  range. An avcmgc  ZT value close to 1.6
was calculated  over the temperature range 200-600°C  which gives
a material conversion cfficicnc  y of about 13%..

Although the reasons of such high ZT values have not been
fully investigated yet, several factors contribute obviously to
these remarkable propcrlics. Pirst, the therms] conductivity of
IrSb3 was found to bc as low as 30 n~W/cn~.K  [9]. Figure  5
shows the typical variations of the thermal conductivity as a
function of the temperature for an lrSb3 sample and also for PbTe
and SiGc alloys. The low thermal conductivity measured for
IrS b3 appears to be related to the structure of the material.
Indeed, lrSb3 has 32. atoms pcr unit cell and a relatively large unit
cell, both of them contribute to the low lattice thermal
c o n d u c t i v i t y o b s e r v e d i n th i s c o m p o u n d .
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Figure 5. ‘1’hcrmal  concluctivit  y as a function of the temperature
for several p-lrSb3 samples with different doping lCVCIS and also
Pbl’e, SiGe and Tli2Tc3 alloys.



The second reason for the high ZT values of 1rSb3 is the high
mobility values achieved fort}~iscol~lp[)ut~d,  Room temperature
mobility as high as 1250 cn~z/V.s were measured on a sample
with a hole concentration of 1.5 x 10l$J,  CJn-~. ‘1’hcse high
mobili ty values also seem to be linked to the skutterudite
StrUCtUrC.  ThiS  StrLICtUre  is composed of a cubic lattice of metal
atoms and four-membered planary rings of the non-metal atoms,
Band structure calculation pcrfortncd  on closely related
compounds such as 1.aFe4P1 z showed that the valence band is
only made from P-P bonds 117] and it is likely that the valence
band of IrSb3 can be formed from Sb-Sb bonds. The high
mobility values can be related to this particular valence band
feature and also to the covalcncy of the skuttcrudite  structure. In
summary, high Z]’ values for IrSb3 seem to be primarily related
to its low lattice thermal conductivity and high mobility.

‘Ilc remarkable properties of the compound IrSb3 arc also well
illustrated on figure 6 w}~crc  the calculated power factor-s (u%)
for several lrSb3 samples with different doping levels  arc plotted
as a function of the temperature. Compare to state-of-the-art
thermoelectric materials like BizTe3,  Pb’l”e  and SiGc alloys,
exceptionally high values were obtained for t}~c lrSb3,
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l;igure  6. Power  factor as a function of the temperature f o r
several p-lrSb~
J’b’I’c,  SiGe and

samples with different doping ICVCIS and also
BizTc3 alloys,

CONC1.LJS1ON”

This paper described the successful approach conducted at JP1.
for a search for new thcrmoclcc[ric  materials with the potcn!ial  to
overcome the ZT limit of 1. lndccd,  cxpcrimcntal  results obtained
for the compound IrSb3 have shown that 7;1’s’ as high as 2. were
achieved. Other low (5x), heavy elements binary compounds
with complex crystal structure remain to be investigated and have
also the potential to be high-Z-values materials and the number of
candidates can bc i ncrcascd by considering ternary compounds
and alloys.
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